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ORIGINAL ARTICLE 

Serum amyloid A is a growth factor for 3T3-L1 adipocytes, 
inhibits differentiation and promotes insuhn resistance 

FB Filippin-Monteiro, EM de Oliveira, S Sandri, FH Knebel, RC Albuquerque and A Campa 

BACKGROUND/OBJECTIVES: Serum amyloid A (SAA) is an acute-phase protein that has been recently correlated with obesity and 
insulin resistance. Therefore, we first examined whether human recombinant SAA (rSAA) could affect the proliferation, 
differentiation and metabolism of 3T3-L1 preadipocytes. 

DESIGN: Preadipocytes were treated with rSAA and analyzed for changes in viability and [^H-methyl]-thymidine incorporation as 
well as cell cycle perturbations using flow cytometry analysis. The mRNA expression profiles of adipogenic factors during the 
differentiation protocol were also analyzed using real-time PCR. After differentiation, 2-deoxy-[1,2-^H]-glucose uptake and glycerol 
release were evaluated. 

RESULTS: rSAA treatment caused a 2.6-fold increase in cell proliferation, which was consistent with the results from flow cytometry 
showing that rSAA treatment augmented the percentage of cells in the S phase (60.9 ± 0.54%) compared with the control cells 
(39.8 ± 2.2%, ^^^P< 0.001). The rSAA-induced cell proliferation was mediated by the ERK1/2 signaling pathway, which was assessed 
by pretreatment with the inhibitor PD98059. However, the exposure of 3T3-L1 cells to rSAA during the differentiation process 
resulted in attenuated adipogenesis and decreased expression of adipogenesis-related factors. During the first 72 h of 
differentiation, rSAA inhibited the differentiation process by altering the mRNA expression kinetics of adipogenic transcription 
factors and proteins, such as PPARy2 (peroxisome proliferator-activated receptor y 2), C/EBPp (CCAAT/enhancer-binding protein P) 
and GLUT4. rSAA prevented the intracellular accumulation of lipids and, in fully differentiated cells, increased lipolysis and 
prevented 2-deoxy-[1,2-^H]-glucose uptake, which favors insulin resistance. Additionally, rSAA stimulated the secretion of 
proinflammatory cytokines interleukin 6 and tumor necrosis factor a, and upregulated SAA3 mRNA expression during adipogenesis. 
CONCLUSIONS: We showed that rSAA enhanced proliferation and inhibited differentiation in 3T3-L1 preadipocytes and altered 
insulin sensitivity in differentiated cells. These results highlight the complex role of SAA in the adipogenic process and support a 
direct link between obesity and its co-morbidities such as type II diabetes. 
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INTRODUCTION 

Obesity is a chronic metabolic disorder caused by an imbalance 
between energy intake and expenditure. This disorder occurs by 
hyperplastic growth caused by the mitotic activity in precursor cells 
(preadipocytes) and by hypertrophic growth due to intracellular 
lipid accumulation.^ This scenario is closely associated with a state 
of chronic low-grade inflammation characterized by abnormal 
production of cytokines, such as tumor necrosis factor-a (TNF-a) 
and interleukin 6, and by the activation of inflammatory signaling 
pathways in adipose tissue.^'^ The expression and secretion of 
inflammatory molecules is increased in obesity, and this increase 
negatively affects insulin sensitivity in adipose tissue.^"^ 

In obese individuals, a chronic and systemic elevation of serum 
amyloid A (SAA) protein was recently associated with the size of 
adipocytes.^ Until recently, it was thought that the expression and 
release of SAA occurred predominantly in the liver,^ however, it is 
now known that human adipose tissue is a major SAA expression 
site during the non-acute-phase reaction condition.^'" In rodents, 
the main isoform found in adipocytes is SAA3,^'^^ and it is strongly 
upregulated in the adipose tissue of obese mice as compared with 
lean controls.^^ 



In previous studies, we had demonstrated immunomodulatory 
activities of SAA in human leukocytes, such as the induction of 
expression and release of TNF-a, interleukin-1 (3, interleukin-8 and 
enhanced leukocyte migration and adhesion. ^"^"^^ Recently, we 
showed that SAA is an inducer of nitric oxide production in 
macrophages and may be an endogenous agonist for the TLR4 
complex.^ ^ Furthermore, we have demonstrated that SAA was 
triggered in chronic conditions, such as diabetes.^^ Fibroblasts and 
endothelial cells are also responsive to SAA. In Swiss 3T3 
fibroblasts, SAA increased proliferation that was completely 
abolished by the addition of antioxidants.^^ 

3T3-L1 preadipocyte, a murine cell line, is commonly used 
as a model of adipogenesis, lipogenesis and lipolysis. 
The differentiation of growth-arrested 3T3-L1 cells into adipocytes 
is induced using hormonal stimuli that initiate the mitotic clonal 
expansion of preadipocytes leading to phenotype modifica- 
tions.^°'^^ Expression of C/EBPp, a member of the CCAAT/ 
enhancer-binding protein (C/EBP) family of transcription factors, 
is rapidly induced in response to these stimuli (dexamethasone, 
3-isobutyl-1-methylxanthine, insulin) and regulates peroxisome 
proliferator-activated receptor y 2 (PPARy2), a spliced variant of 
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PPARy in adipocytes, and C/EBPa, which have crucial roles in 
adipocyte maturation.^°'^^ 

Several roles of SAA in 3T3-L1 cell lines have already been 
investigated, including the expression of GLUT4, the serine 
phosphorylation rate of the IRS-1 (insulin receptor substrate 1) 
and glucose uptake in fully differentiated 3T3-L1 cells. It was 
demonstrated that SAA reduced insulin sensitivity, which was 
mediated by the JNK pathway.^^ Although these conclusions were 
relevant to understand the complications of obesity and meta- 
bolic syndrome, the low-grade inflammation state that occurs 
during the early and advanced stages of adipogenesis (prolifera- 
tion and differentiation) was not elucidated. Therefore, to fully 
address the role of SAA in adipogenesis, we performed assays in 
three different stages of 3T3-cells. Firstly, we treated preadipo- 
cytes with rSAA and proliferation was assessed by [^H-methyl]- 
thymidine incorporation and flow cytometry. Secondly, we 
verified the effect of rSAA on the differentiation of 3T3-L1 cells 
into adipocytes by lipid accumulation and the mRNA expression 
profiles of adipogenic factors. Finally, we observed the effect of 
rSAA on 2-deoxy-[1,2-^H]-glucose uptake and glycerol release in 
differentiated 3T3-cells. 



MATERIALS AND METHODS 

Reagents 

rSAA was purchased from Peprotech Inc. (Rocky Hill, NJ, USA). PD98059, 
SB203580, pertussis toxin and wortmannin were purchased from 
Calbiochem (La Jolla, CA, USA). Insulin, dexamethasone, 3-isobutyl-1- 
methylxanthine, Oil Red O, annexin V-fluorescein isothiocyanate (V-FITC), 
phenylmethylsulfonyl fluoride and propidium iodide (PI) were supplied 
by Sigma Chemical Co. (St Louis, MO, USA). [^H-methyl]-thymidine and 
2-deoxy-[1,2-^H]-glucose were acquired from Amersham Biosciences (Sao 
Paulo, Brazil). Dulbecco's modified Eagle's medium (DMEM), calf serum 
(CS), penicillin, streptomycin and fetal bovine serum were purchased from 
Invitrogen (Carlsbad, CA, USA). All other reagents used were purchased 
from Merck (Darmstadt, Germany) unless otherwise indicated. 

Cell culture and differentiation induction 

Mouse 3T3-L1 preadipocytes were generously provided by Dr. Mari Cleide 
Sogayar (Instituto de Quimica, Universidade de Sao Paulo, Brazil). Cells were 
maintained in DMEM supplemented with 10% CS containing lOOIUmT^ of 
penicillin and 1 00 \xg ml"^ of streptomycin. Cells were cultured at 37 °C in a 
humidified atmosphere at 5% CO2, and the medium was changed every 
48 h. 3T3-L1 cells were induced to differentiate as described previously.^"^ 
Starting on day 1 of differentiation, cells were treated with 5 |ig ml"^ rSAA 
and during each medium change, rSAA was restored. At the times 
indicated, cells were stained with Oil Red O to detect cytoplasmic 
triglycerides, extracted and read spectrophotometrically.^^ In cell-free 
supernatants of the cultures, glycerol levels were determined using the 
Glycerol 3-phosphate Oxidase-Trinder Kit (Sigma). The cytokines interleukin 
6 and TNF-a were measured using an enzyme-linked immunosorbent assay 
(ELISA) (DuoSet, R&D System, Minneapolis, MN, USA). 

Cell proliferation 

Mitogen-activated protein kinases (MARK), especially ERK1/2 and 
p38MAPK, have been implicated in cell cycle control and differentiation. 
The phosphoinositide 3-kinase (PI3K) pathway, an important signaling 
pathway in the mediation of cell survival, adipocyte differentiation and 
glucose transport was also evaluated. We used specific pharmacological 
inhibitors of ERK1/2 (PD98059), p38^^^^ (SB203580) and PI3 K (wortman- 
nin) for 3T3-L1 cell pretreatment that was followed by rSAA stimulation in a 
cell proliferation assay. For that, cells were deprived of serum (1% CS) for 
48 h, pretreated with specific inhibitors including PD98059 (10|iM), 
SB203580 (10|im), pertussis toxin (lOOngml"^) or wortmannin (lOOnivi) 
and treated with rSAA (1, 5 and 10|igmr^) and/or insulin (lOOnivi) at the 
times indicated. Then, 0.5|iCi of [^H-methyl]-thymidine (specific activity 
248 GBq mmol"^) was added for 24 h. Cells were washed twice with cold 
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phosphate-buffered saline (PBS), fixed with ice-cold 10% trichloroacetic 
acid, lysed with 0.5 M NaOH and transferred to filters (10 x5 mm). The 
lysates were placed in vials containing 2 ml of scintillation fluid and were 
counted using the liquid scintillation counter (Beckman Instruments, Palo 
Alto, CA, USA). 

Flow cytometry analysis 

For the cell cycle and viability assays, cells were serum-starved in DMEM 
containing 1 % CS for 48 h and treated with rSAA (1 and 5 |ig ml" ^) for 24 h. 
Cells were harvested and washed twice with PBS. For cell cycle analysis, 
cells were gently resuspended in 300 |il of a solution containing 2|igmr^ 
PI, 0.1% sodium citrate and 0.1% Triton X-100. The proportion of cells in 
each phase of the cell cycle was determined using a flow cytometer set to 
488 nm (excitation wavelength), and the data were analyzed using FlowJo 
software (Tree star. Inc., Ashland, OR, USA). For the viability assay using 
double staining (annexin V- FITC and PI), cells were resuspended in 1 00 jil of 
binding buffer (lOmM HEPES/NaOH, 140mM NaCI and 2.5 mM CaCb). Next, 
5|il of annexin V-FITC was added. The cells were gently agitated and 
incubated for 20min at room temperature in the dark. Subsequently, 40|il 
of PI solution (2 \ig ml"^) and 400 [i\ of binding buffer were added, and the 
samples were analyzed using flow cytometry. The fluorescence of annexin 
V-FITC was measured in the FL1 channel (green fluorescence: 530/30 nm) 
and PI fluorescence was measured in the FL2 channel (orange-red 
fluorescence: 585/42 nm) using the FACSCanto flow cytometric equipment 
(Becton Dickinson, San Diego, CA, USA). The percentage of necrotic or 
apoptotic cells and the analysis of the cell cycle were calculated by Flowjo 
software (Tree star, Inc.). 

RNA extraction and complementary DNA synthesis 
Total RNA from 3T3-L1 cells was isolated at the indicated times using the 
Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany). The complementary 
DNA was synthesized from 600 ng of RNA using the Superscript First 
Strand kit (Invitrogen, Carlsbad, CA, USA). 

Quantitative Real-Time PCR 

The following primers were used: PPARy2 (5'-CACAGAGATGCCATTCTGGC-3' 
and 5'-GGCCTGTTGTAGAGCTGGGT-30, perilipin (5'-CATGTCCCTATCCGAT 
GCC-3' and 5'-TCGGTTTTGTCGTCCAGG-30, C/EBPa (5'-GTGTGCACGTCTATG 
CTAAACCA-3' and 5'-GCCGTTAGTGAAGAGTCTCAGTTTG-3'), C/EBPp (5'-GT 
TTCGGGACTTGATGCAATC-3' and 5'-AACAACCCCGCAGGAACAT-30, FABP4 
(5'-CCAATGAGCAAGTGGCAAGA-3' and 5'-GATGCCAGGCTCCAGGATAG-30, 
GLUT4 (5-GCTGTGCCATCTTGATGACGG-3' and 5-TGAAGAAGCCAAGCAGGAG 
GAC-3') and 18S (5'-GTAACCCGTTGAACCCCATT-3' and 5'-CCATCCAATCGGT 
AGTAGCG-3'), which was used as a constitutive control. BLAST searches 
were conducted on all primer sequences to ensure gene specificity. Each 
amplification reaction was performed in triplicate and included the 
addition of the SyBr Green Master Mix (Applied Biosystems, Mount Holly, 
NJ, USA). Each data set also included a negative control (no complemen- 
tary DNA). Reaction conditions were as follows: 95 °C for lOmin, 40 cycles 
of 95 °C for 10s (melting) and 60 °C for 1 min (annealing and elongation). 
Melting curve analyses from 76 to 84 °C were performed at the end of each 
run as a quality control step. The Ct (cycle threshold) for each run was set 
to 0.1, when amplification was observed in the log phase. Relative gene 
expression was determined using the AACt method, and the efficiency of 
each reaction was validated as previously described.^^ The expression 
levels of SAA3 mRNAs were quantified using the TaqMan PCR reagent kit's 
detection system according to the protocols provided by the manufacturer 
(Applied Biosystems). The levels of mRNA were normalized to the amount 
of p-actin RNA detected in each sample. PCR reactions were performed in 
the Gene AMP 7500 Sequence Detection System (Applied Biosystems). 

2-deoxy-[1,2-^H]-glucose uptake 

Glucose uptake by differentiated 3T3-L1 cells was measured as previously 
described^^ with modifications. Briefly, 3T3-L1 cells were differentiated into 
adipocytes and incubated with or without rSAA (1, 5 and 10|igmr^) in 
serum-free DMEM for 24 h. The adipocytes were washed twice with 37 °C 
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Krebs - Ringer phosphate buffer (pH 7.4) (1 28 mM NaCI, 4.7 mM KCI, 1 .65 mM 
CaCl2, 2.5 mM IVlgS04 and 5 mM Na2HP04). Adipocytes were either 
untreated (basal, insulin-independent) or treated with insulin (lOOnM) for 
lOmin in Krebs- Ringer phosphate buffer. Without changing the buffer, 
glucose uptake was initiated by adding 1.0|iCi per well of 2-deoxy-[1,2-^H]- 
glucose (specific activity 740 GBqmmoP^) for lOmin at 37 °C. The cells 
were gently washed three times with ice-cold PBS and lysed in 800 |il of 
solution containing 0.5 M NaOH and 0.1% sodium dodecyl sulfate. Samples 
were assayed for glucose uptake using a liquid scintillation counter. The 
level of glucose uptake induced by insulin (lOOnM) was set at 100%. 

Measurement of SAA3 protein levels in cell lysates 
Cells were washed with PBS, harvested using sonication buffer (PBS pH 7.4 
and 2 mM phenylmethylsulfonyl fluoride), centrifuged at 300 x g for 5 min 
and lysed by sonication (Branson Ultrasonics Corporation, Danbury, CT, 
USA) for 10 s at 40 W. The supernatants were cleared by centrifugation at 
1 5 000 X g for 1 5 min. SAA3 was measured using the ELISA kit (Invitrogen). 



independent variables were tested by two-way analysis of variance, and 
tested with Bonferroni post hoc test, as indicated in figure legends. The 
level of significance was set at P<0.05. 

RESULTS 

rSAA prevented the necrosis induced by serum starvation 
After 48 h of serum starvation, preadipocytes were treated with 
rSAA for 24 h before performing the flow cytometry analysis using 
simultaneous staining with annexin V-FITC and PI. Double-staining 
analysis demonstrated that rSAA reduced serum starvation-induced 
necrosis, which was assessed by Pl-positive cells. rSAA at 1 and 
5|igmr^ enhanced cell viability (81 .9 ±4.4% and 83.9 ±2.5%, 
respectively) compared with unstimulated cells (55.5 ± 9%, 
^^^P< 0.001) (Figures la and b). However, a small fraction of 
rSAA-treated cells underwent apoptosis (annexin-positive cells), 
whereas the prevention of necrosis was markedly decreased. 



Statistical analysis 

Results were shown as the mean±s.e. of 6-9 determinations from 2-3 
experiments. Statistical analyses were performed with Graph Pad Prism4 
(Graph Pad Software Inc., San Diego, CA, USA). When multiple samples 
were compared with one independent variable, one-way analysis of 
variance with Newman -Keuls post hoc test was performed. Data with two 



rSAA stimulated preadipocyte proliferation 
Subconfluent 3T3-L1 preadipocytes were stimulated with rSAA 
(1, 5 and 10)ig ml"^) and cultured in serum-deprived medium (1% 
or 5% CS). The incorporation of radiolabeled thymidine into newly 
replicated DNA was used to assess the effects of rSAA on cell 
proliferation. As shown in Figure 1e, treatment of 3T3-L1 
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Figure 1. Enhanced cell viability and increased proliferation are induced by rSAA in 3T3-L1 preadipocytes. (a) Dot plots show the intensity 
of Annexin V fluorescence plotted on the Y-axis and PI fluorescence plotted on the X-axis, (b) The percentage of live cells (annexin-negative/ 
Pl-negative), necrotic cells (Pl-positive), apoptotic cells (annexin-positive) and late apoptotic cells (annexin-positive/PI-positive) after 
analysis by flow cytometry, (c) Representative flow cytometry histograms showing cell cycle distributions, (d) The percentage of cells in 
each phase of the cell cycle stained with PI solution (2|igmr^). (e) 3T3-L1 cells were treated with increasing concentrations of rSAA 
(1 -10|igmr^) in serum-deprived medium for 24 h. During treatment, the cells were labeled with [^H-methyl]-thymidine. Data are the 
mean ± s.e. of three independent experiments, which were performed in triplicate and two-way analysis of variance were performed 
(**^' ***P< 0.001 vs control groups). 
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preadipocytes with rSAA promoted an increase in [^H-methyl]- 
thymidine incorporation in a dose-dependent manner; that 
increase reached 260% of the control with lOiigml"^ rSAA at 
24 h (^^^P< 0.001). When we analyzed the cell cycle, rSAA also 
stimulated cell cycle progression from the G1 to S phase (Figures 
1c and d), which was demonstrated by a higher percentage of 
cells in S phase (60.9 ±0.54%, rSAA-treated cells) compared with 
the control cells (39.8 ±2.2%) (^^^P<0.001). 

rSAA induced proliferation through the ERK1/2 pathway 
Because the mitogenic effects of rSAA in preadipocytes were 
pronounced, we explored the involvement of several signaling 
pathways that could be involved in the proliferative effects of rSAA. 
We hypothesized that rSAA-induced proliferation was mediated by 
the FPR2 receptor because the pertussis-sensitive G-proteins have 
been reported to be involved in SAA biological effects. To test this 
hypothesis, cells were pretreated with the pertussis toxin, and [^H- 
methylj-thymidine incorporation was determined in the absence 
and presence of rSAA. As shown in Figure 2a, no changes in 
proliferation were observed. However, PD98059, an ERK1/2 
inhibitor, prevented the rSAA-induced increase in [^H-methyl]- 
thymidine incorporation, which suggests that the effects of rSAA 
on preadipocyte proliferation were mediated through the ERK1/2 
signaling pathway. A 24-h exposure to rSAA in the absence or 
presence of the PIS K inhibitor wortmannin or the pSS'^'^'^'^ 
inhibitor SB203580 revealed that the inhibitors affected prolifera- 
tion in control cells and in rSAA-treated cells (Figure 2b). This result 
precludes the evaluation of the pSS'^^'^'^ and PIS K signaling 
pathways in the rSAA-induced cell survival. 

In 3T3-L1 preadipocytes, insulin activates two major signaling 
cascades, the PIS K and MARK pathways. The PI3K pathway was 
activated in cells using insulin, a well-known preadipocyte 
mitogen, and these cells were compared with cells stimulated 
with rSAA alone. As observed in Figure 2c, insulin increased the 
proliferation of preadipocytes, which was inhibited using wort- 
mannin. Although the cells treated with both rSAA and insulin 
showed a higher rate of proliferation (1 74.7 ± 5.9%) compared with 
insulin-treated cells (141.1 ± 10.2%), the presence of wortmannin in 
both treatments significantly attenuated this effect (82.6 ± 10.1%). 

rSAA inhibited the expression of adipogenic transcriptional 
regulators and adipocyte differentiation 

To determine whether rSAA affects adipocyte differentiation, we 
maintained 3T3-L1 cells in DMEM containing a hormonal stimulus 
with or without rSAA during the entire process of differentiation. 
At the indicated times, we analyzed the effect of rSAA on the 
mRNA expression of transcription factors and adipocyte-specific 
genes during the first 72 h of the differentiation program by 
quantitative real-time PGR. Ghanges in the mRNA expression 
profiles of G/EBP(3, G/EBPa, PPARy2, GLUT4, FABP4 and perilipin 
were observed in the cultures maintained with rSAA. At 48 h of 
differentiation, rSAA induced an increase in the mRNA expression 
of PPARy2, perilipin and G/EBPa and p (Figure 3). However, at 72 h, 
rSAA significantly downregulated mRNA expression of PPARy2, G/ 
EBPa and G/EBPp, which are the critical genes for the adipocyte 
phenotype. Interestingly, cultures maintained with rSAA showed a 
significant decrease in GLUT4 mRNA expression at 48 and 72 h 
after the hormonal stimulus compared with those cultures without 
rSAA. Oil red O elution after cell staining, which was conducted 
during the differentiation process (Figure 4a), revealed that the 
formation of lipid droplets, a marker for adipocyte differentiation, 
was significantly decreased in rSAA-treated cells (0.9395 ± 0.07) 
compared with control cells (1.056 ± 0.054). However, the glycerol 
measurements from the supernatants of cell cultures were not 
altered under either conditions (control and rSAA-treated cells), 
which suggests that the decreased lipid deposition in cells treated 
with rSAA was caused by the inhibition of differentiation and not 
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Figure 2. The involvement of proteins in different signaling pathways 
on the preadipocyte proliferation induced by rSAA. (a) Pretreatment 
of 3T3-L1 cells with pertussis toxin under the conditions described in 
the methods, (b) 3T3-L1 preadipocytes were pretreated with SB 
203580, PD98059 and wortmannin and then stimulated with rSAA. 
(c) The influence of insulin (1 00 nivi) and rSAA (5 jig ml"^) on activation 
of the PI3 K pathway. Data are the mean ± s.e. of three independent 
experiments, which were each performed in triplicate and one-way 
analysis of variance was performed in A and two-way analysis 
of variance was performed in B and G (^^P<0.01, ***P<0.001 
vs control groups). 

subsequent lipolysis (Figure 4b). These data were consistent with 
those shown in the microscopic analysis of lipid droplet 
deposition at day 7 of differentiation in control cells (Figure 4c) 
and rSAA-treated cells (Figure 4d). 

rSAA increased lipolysis and decreased glucose transport 

The differentiated 3T3-L1 cells were incubated with different 

concentrations of rSAA (1, 5 and lOiigmP^) for 24 h. After the 
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Figure 3. The effect of rSAA on 3T3-L1 preadipocyte differentiation. Quantitative real-time PGR was performed to assess the mRNA 
expression of (a) C/EBPfi (b) GLUT4, (c) C/EBPo; (d) PPARy2, (e) perilipin and (f ) FABP4. Cells were treated with a hormonal stimulus 
in the presence (O) or absence (■) of rSAA. Data are the mean ± s.e. of three independent experiments and two-way analysis of 
variance was performed p*P<0.01, ***P< 0.001 vs control groups). 



24 h of rSAA stimulation at the indicated concentrations, glycerol 
release was measured. Figure 4e showed that rSAA increased 
glycerol release in the cell-free supernatant of cultures. Further- 
more, glucose uptake was determined under basal conditions 
(without insulin) and stimulated conditions (lOOnivi insulin). The 
24-h incubation with rSAA at 5 and lOiigmT^ decreased glucose 
uptake in insulin-stimulated 3T3-L1 cells (Figure 4f). 

rSAA induced secretion of cytokines and expression of SAA3 
When the hormonal stimulus to induce differentiation was added, 
3T3-L1 cells released cytokines, especially TNF-a. This release was 
determined by testing the supernatant of cultures using an ELISA 
(Figures 5a and b). The addition of rSAA induced a nine-fold and 
three-fold increase in interleukin 6 and TNF-a release, respectively, 
in 3T3-L1 cells at day 3 of differentiation. The SAA3 mRNA 
expression and protein synthesis were quantified during 3T3-L1 
differentiation in the presence or absence of rSAA. SAA3 is usually 
expressed and produced during differentiation. The presence of 
rSAA caused a significant increase in SAA3 gene expression 
(almost 90-fold) (Figure 5c) and a modest increase in SAA3 protein 
synthesis (almost 2-fold) (Figure 5d). 



DISCUSSION 

In the current study, we reported that SAA had a strong influence 
on 3T3-L1 proliferation, differentiation and metabolism. SAA 
effectively increased the proliferation of 3T3-L1 preadipocytes in 



a dose-dependent manner. The cell cycle analysis showed an 
increased number of cells in the S phase, which is consistent with 
the results of the thymidine incorporation assay. Moreover, SAA 
increased cell viability that was verified by a marked inhibition of 
necrosis under the same conditions. A similar biological effect of 
SAA on cell proliferation was previously observed in Swiss 3T3 
fibroblasts^^ and two glioma cell lines;^^ these results support a 
growth factor-like activity of SAA. SAA activity is dependent on its 
concentration and its intended cell. We reported here that SAA 
induced 3T3-L1 cell proliferation and inhibited cell death. This is 
an entirely unique contribution on the role of SAA in adiposity. 

The signaling involved in SAA-induced proliferation is not well- 
known, and may involve multiple pathways. Although a signaling 
study was not our focus, we generated data showing the 
involvement of ERK1/2 on SAA-induced proliferation by using 
pharmacological inhibitors of the main signaling pathways 
involved in cell survival and proliferation.^^'^° However, we were 
unable to elucidate the roles of the PI3 K and p38'^^^'^ pathways in 
our system. Although pretreatment with their specific inhibitors 
(wortmannin and SB203580, respectively) attenuated SAA-induced 
proliferation, the inhibitors also decreased the proliferation in 
control cells. 

3T3-L1 cells were exposed to insulin (lOOmivi) and then 
subjected to a proliferation assay that included the SAA and 
wortmannin conditions described above. It is known that insulin- 
induced proliferation is mediated by the PI3K signaling pathway 
and uses the IGF-I receptor.^^'^^'^^ Our current study using 
wortmannin was noteworthy because the inhibitory effect of 
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Figure 4. The effect of rSAA on adipocyte differentiation and metabolism, (a) Oil red O elution in 3T3-L1 cells treated with a hormonal 
stimulus in the presence (white bars) or absence (black bars) of rSAA at the indicated times, (b) Glycerol release into the culture medium under 
the same conditions that are described above. Oil red O staining at day 7 of differentiation (c) in the absence or (d) presence of rSAA 
(5|igmr^). (e) Glycerol release after a 24-h treatment with rSAA in fully differentiated adipocytes, (f) 2-deoxy-[1,2-^H]-glucose uptake 
under basal (black bars) and insulin-stimulated (white bars) conditions. Data are the mean ± s.e. of three independent experiments, 
and two-way analysis of variance was performed in a, b and f and one-way analysis of variance was performed in e (*P<0.05, 
^^*P< 0.001 vs control). 



wortmannin on SAA-induced proliferation was equivalent to its 
inhibitory effect on insulin-treated cells. SAA and insulin had an 
additive effect on 3T3-L1 proliferation, which suggests that insulin 
and SAA exert mitogenic effects on 3T3-L1 cells that are mediated 
by both the ERK1/2 and PI3K signaling pathways. 

FPR2 is a putative receptor for SAA present in adipocytes and is 
involved in the activation of MAPK.^^ However, our results imply 
that FPR2 is not involved in SAA-induced proliferation because the 
effects elicited by SAA on 3T3-L1 cells were not sensitive to 
pertussis toxin. Given the myriad effects triggered by SAA, it is 
likely that multiple receptors are involved in the biological effects 
described here. Adipocytes contain many of the SAA-sensitive 
receptors, for example, CDSe,^"^ selenoprotein S (SELS)^^ TLR4,^^ 
and FPR2.^^ 

Although SAA appeared to be a potent mitogenic factor for 
adipocytes, SAA inhibited differentiation. The differentiation 
process is regulated by a network of transcription factors and 
adipocyte marker genes.^^'^^ The exposure of 3T3-L1 cells to a 
hormonal stimulus caused differentiation. The induction of gene 
expression peaked at around 2 to 3 days and was followed by 
intracellular lipid accumulation, which was easily observed after 
5 days of treatment. The addition of SAA caused a remarkable 
change in the expression profile of the adipogenic genes C/EBP(3, 
C/EBPa, PPARy2, perilipin, FABP4, GLUT-4 and C/EBPa. These 



genes are the essential transcriptional regulators of adipogenesis 
and are targets of other adipogenic inhibitors.^^ Additionally, SAA 
prevented intracellular lipid deposition, although the glycerol 
release from 3T3-L1 cells during differentiation was not altered. 
The decrease in lipid accumulation may have been caused by the 
loss of adipogenic capacity or decreased glucose uptake rather 
than lipolysis. 

Furthermore, production of the cytokines TNF-a and interleukin 
6 during the differentiation of 3T3-L1 cells was demonstrated in 
the current study. The presence of SAA caused the pronounced 
release of these cytokines. We have previously demonstrated that 
SAA is a potent stimulus for the release of several cytokines from 
immune cells^^'^^'^^ and that this protein is a potent inflammatory 
stimulus. The current study presents the first evidence that SAA 
induces cytokines in cells other than immune cells. 

In previous studies using fully differentiated adipocytes, 
secreted TNF-a stimulated lipolysis and inhibited lipogenesis, 
which elevated the high free fatty acid concentration in the 
culture medium.^'^^''^^ Our data suggest that SAA by itself or SAA- 
induced TNF-a promoted lipolysis. The possible involvement of 
TNF-a in insulin resistance has been suggested in a number of 
studies. TNF-a increases plasma triglycerides and very low-density 
lipoprotein concentrations,^^'^^ as well as lipolysis in mouse, rat 
and human adipocytes.'^^''^^"'^^ 
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Figure 5. Cytokine release and SAA3 production during the course 
of differentiation. Using an ELISA assay, (a) interleukin 6 (IL-6) and 
(b) TNF-a release were assessed using the supernatant of cultured 
3T3-L1 cells that underwent differentiation in the absence (•) 
or presence (O) of rSAA (5|ag ml"^). (c) The effect of rSAA on the 
expression of SAA3 in cells treated with hormonal induction (■) 
or with rSAA (5|agmr^) and hormonal induction (O). (d) SAA3 
protein production assessed by ELISA assay in the absence (•) 
or presence (O) of rSAA (5 |ig/ml). Data are the mean ± s.e. of three 
independent experiments and two-way analysis of variance was 
performed f^P<0.01, ^^*P<0.001 vs control). 
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Figure 6. The influence of SAA on adipose cells. Adipocytes may be 
affected by SAA, which is produced by the liver during inflammatory 
processes and/or synthesized by adipose tissue. SAA alters the 
proliferation, differentiation and metabolism of adipocytes and 
contributes to the inflammatory state of adipose tissue. 



Although the mechanism by which SAA promotes lipolysis is 
unknown, one reasonable possibility is the decrease in perilipin 
expression, a lipid droplet-associated protein that acts as a 
protective coating against lipases. Additionally, analysis of GLUT4 
gene expression revealed that SAA caused a decrease in the 
mRNA levels observed at 48 and 72 h of differentiation. This 
finding was consistent with results from the glucose uptake assay, 
which was performed in fully differentiated adipocytes and 
showed that a decrease in glucose uptake occurred under 
insulin-stimulated conditions. These results show that SAA may 
contribute to insulin resistance in adipose tissue during the 
inflammatory state. In previous study using fully differentiated 
adipocytes, SAA attenuated cellular insulin sensitivity, upregulated 



the level of phosphor-JNK, and downregulated the level of 
phosphotyrosine-IRS-1 .^^ Our data support these observations and 
also demonstrate the role of SAA in different stages of the 
adipogenic process, including the final step of differentiation with 
reduced glucose-uptake capacity. 

Data from the current study support a role for SAA in the 
pathogenesis of obesity through the increase in preadipocyte 
proliferation and inhibition of the differentiation process. In 
differentiated adipocytes, SAA also impairs glucose metabolism, 
which may contribute to insulin resistance. Curiously, cells treated 
with SAA displayed an increase in the expression of SAA3 by almost 
two orders of magnitude. These results may represent a positive 
feedback loop that maintains the inflammatory condition (Figure 6). 
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